RESEARCH W hite clover (Trifolium repens L.) is a major contributor of productivity and ecological services in pastures and rangelands worldwide. The advantages of including and maintaining white clover in a pasture are well documented (Chapman et al., 1993) . In New Zealand alone, it is estimated that white clover adds approximately NZ$3 billion attributable to the seed industry, N fixation, and honey production . In grazed swards, white clover provides up to 400 kg N ha −1 via biological N fixation (Crush, 1987) . In terms of area, white clover is the predominant temperate forage legume serving as a companion to temperate grasses in grazing systems (Laidlaw and Teuber, 2001) . White clover in mixed sward pastures is estimated to occupy ?15 million ha in Australasia and 5 million ha in the United States. Globally, renewal of white clover is estimated at 3 to 4 million ha yr −1 (Mather et al., 1996) . White clover breeding is important worldwide and is recognized as a priority in many countries with a pastoral-based livestock productivity system ( Jahufer et al., 2012) . For example, the last checklist of white clover varieties (Caradus and Woodfield, 1997) described a total of 326 cultivars in relation to their maintainer institution, origin and breeding procedures used, agronomic performance, and disease susceptibility, among other characteristics, depending on the information available. This checklist comprises information collected from cultivars from 32 . White clover content resulted in a pre-1965 absolute rate of increase of 0.011% content decade −1 or 0.032% decade −1 on average, and the post-1965 line indicated an absolute rate of increase of 0.04% content decade −1 or 0.121% decade −1 on average. The comparisons between pre-1965 and post-1965 indicated a twofold increase for white clover dry matter yield and a fourfold increase in rates of gain for white clover sward content since 1965; however, the rate of gain remains below the theoretical potential.
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Rate of Genetic Gain for Persistence to
countries, and although variable numbers of entries are found within each country, it represents the priority that is placed worldwide in cultivar development in white clover.
Recognizing the fundamental genetic constraints associated with an outcrossing reproductive biology and allopolyploidy, additional constraints in white clover breeding include slower accumulation of favorable additive (Breese and Hayward, 1972) alleles via multiple allelic configurations and slower purging of unfavorable alleles (Levin, 1996) due to high levels of heterozygosity, prolonged tap-root phase and stoloniferous growth, and long generation intervals. Further increases in genetic gain have faced multiple limitations in white clover breeding over the years despite an active commercial breeding and science arena. Further, since white clover is primarily bred via a phenotypic recurrent selection within populations or among-family effects based on observation of individuals within populations, large confounding effects arise due to the high natural phenotypic plasticity, which limits accurate estimates of breeding value and heritability via phenotypic recurrent selection (Williams, 1987) . Natural populations of white clover maintain themselves in stressful and variable environments through the heterozygosity that outcrossing grants a particular set of individuals, whereas population heterogeneity ensures that sufficient variation is present at the phenotypic level to cope with drastic changes in population composition and size due to environment (Williams, 1987) . A difficult balance is required to achieve gains in breeding using phenotypic recurrent selection, where improved populations result from the accumulation of favorable alleles while maintaining high levels of heterozygosity in the resulting cultivar. With base populations of up to 1000 individuals, resistance for clover cyst (Heterodera trifolii) and root knot nematode (Meloidogyne trifoliophila) has been increased, taking up to seven cycles of phenotypic recurrent selection (Mercer et al., 1999 (Mercer et al., , 2000 . In practice, a typical method for population evaluation includes a grazed, mixed sward system where white clover half-sib families are sown in combination with a companion grass species. Although necessary to replicate the target environment, grazing, mixed swards, and multiyear trials induce an additional level of uncertainty due to the additional traits necessary to achieve optimum gain in forage yield and persistence throughout the years, in addition to adequate seed yield for commercialization. Alternative means of selecting for competitive ability have been proposed in the past, by identifying individuals that are capable of competing for resources and have superior performance under a common environmental niche (Aarssen, 1983) .
There are many new options available to forage breeders including genomic selection (Faville et al., 2018) , phenomics (Ghamkhar et al., 2018) , wide hybridization (Nichols et al., 2014) , novel traits (Hancock et al., 2012) , and breeding strategy per se (Hoyos-Villegas et al., 2018), which may influence the rate of gain. As such, historical genetic gain rates can serve as a benchmark for realized rates of gain to compare with alternative breeding strategies.
There have been a number of documented attempts at determining the rate of improvement in forage legumes. For example in alfalfa (Medicago sativa L.), Brummer and Casler (2014) compiled historical yield data from the USDA and indicated that productivity has stagnated in the period from 1989 to 2004. However, there is evidence that breeding provided yield gains between 2 and 4% decade −1 . Holland and Bingham (1994) performed an experiment to inspect changes in forage yield potential, inbreeding depression, and fertility across different eras of breeding spanning 95 yr. Although their regressions were grouped by era, each era contained the S 0 and S 1 populations of the cultivar to test for inbreeding depression. The authors found that the rate of gain per decade was ?2%.
The objective of this study was to estimate the rate of change in genotypic value attributable to population improvement in white clover using a set of 80 cultivars released between 1920 and 2010 by public and private plant breeding programs across 17 countries.
MATERIALS AND METHODS

Germplasm
A total of 80 cultivars were selected based on their release year to sample breeding program outputs from 1920 to 2010. Information on the cultivars selected can be found in Supplemental  Table S1 . In addition, a main reference used for the identification of relevant cultivars from particular decades can be found in Caradus and Woodfield (1997) . Generally, the greatest number of cultivars were from New Zealand (n = 22), followed by the United States (n = 15), the United Kingdom (n = 10), and Australia (n = 9).
Agronomy Trials
A series of trials were conducted to evaluate forage yield across three locations in New Zealand. Canterbury (43.37334° S, 172.27587° E), Manawatu (40.20159° S, 175 .28247° E), and Waikato (37.46218° S, 175.18316° E) were the trial sites. Groups of 12 plants were transplanted into plots of three plants wide by four long in spring 2014 (September), and data were collected until September 2017 with the exception of the Manawatu trial, which was replanted in the autumn of 2015 and carried through September 2018. White clover evaluations were performed under mixed swards with perennial ryegrass (Lolium perenne L.). Prior to transplanting white clover, Waikato and Canterbury were planted in locally adapted cultivar 'Ceres One 50 AR37' ryegrass, whereas Manawatu had 'Bealey NEA2' ryegrass. Trial sites were cleared of volunteer white clover as much as possible by spraying dicamba herbicide. Trials were planted as randomized complete block designs with four replicates. Each plot was 0.5 ´ 0.5 m with 1.5 m between plots. 
Genotype ´ Environment Analyses
To observe patterns in relation to testing location and clover content, analyses using GGEbiplot software (Yan and Tinker, 2006) were performed. All analyses were performed using standard deviation (SD) scaling, tester centering (genotype + genotype ´ environment [GGE]), and tester metric singular value partitioning. Individual location ´ season BLUPs were obtained using the model with the appropriate adjustments for environment, season, and interactions.
A thorough description with practical interpretation of GGE biplots can be found in Yan and Tinker (2006) or HoyosVillegas et al. (2016) . However, we will provide a brief overview here. Biplots were generated. Generally, angles formed among the vectors in biplots are a representation of magnitude and direction of correlation between vectors, with acute angles as positive correlations and obtuse angles as negative correlations.
Concentric circles in mean stability vs. performance plots are environmental SDs, used for the description of the genotype discriminativeness of a particular environment. In contrast, environments will be more or less representative in relation to the angle that they form with the average-environment coordinate line drawn along the x axis. Which-won-where plots are also shown. These biplots contain a polygon along the longest genotype vectors (from the zero origin). Lines that are perpendicular to each side of the polygon form sectors enclosing environments or decades; genotypes sharing a sector with an environment or decade were good performers in that environment or decade, with the best performers at the vertices of the sector.
RESULTS AND DISCUSSION
Weather Conditions
Detailed information on weather data for the duration of the experiment (September 2014-December 2017) can be found in Supplemental Fig. S1 . Total precipitation for the duration of the experiment was 3789, 3194, and 1629 mm for Waikato, Manawatu, and Canterbury, respectively. In the Waikato environment, only March 2016 resulted in no precipitation, whereas March (238 mm) and April (253 mm) of 2017 resulted in the highest precipitation with a combined total of 491 mm. In the Manawatu environment, May 2015 was the month with the highest precipitation of 247 mm. No month in the Manawatu environment registered zero precipitation. In the Canterbury environment, February and November of 2017 were months with <5 mm of precipitation, and the maximum precipitation was recorded in July 2017 at 127 mm.
and Waikato was grazed by beef cattle), with grazing residuals consistent with the class of livestock. Growth scores were collected every 4 to 6 wk before grazing, and biomass harvests were collected once every summer, autumn, and winter and twice in spring whenever weather permitted. From total biomass harvests, white clover and ryegrass were dissected to obtain white clover content percentage in the sward, used as a measure of persistence. Annual dry matter production was obtained by multiplying the mean yields of all harvests by nine, corresponding to the average number of grazings per year (Woodfield and Caradus, 1994) . Correspondingly, seasonal dry matter yields were obtained by multiplying by 2.25, the average number of grazing events per season.
Statistical Analysis
Data were analyzed using the package lme4 (Bates et al., 2015) in R (R Core Team, 2013) using a mixed model to solve for the random effects (best linear unbiased predictors) for every season using the model
where m is the mean, G i is the random effect of the ith cultivar (genotype), E j is the random effect of the jth location, A k is the random effect of the kth year, GE ij is the interaction of genotype i environment j, GA ik is the interaction of genotype i by year k, GEA ijk is the interaction of genotype i by environment j by year k, and e ijk is the random effects error. Best linear unbiased predictor (BLUP)-adjusted means were obtained by taking the solution to the random effects for each cultivar and adding it to the seasonal mean across years and locations. Rate of genetic gain was determined by linear regression between year of release and the dependent variables of seasonal and annual growth and seasonal clover content. Regional analysis for Australia, New Zealand, the United Kingdom, the United States, and Europe was performed to compare rates of increase for traits in these areas of the world and the rate of increase of the full dataset. A regional slope was considered significantly higher than the overall slope if the regional slope was greater than the overall slope plus the 95% confidence interval of the slope. Data were also subset by leaf size to rates of genetic gain specific to the medium-leaved and large-leaved market classes. The percentage increase in genetic gain per decade was obtained by dividing the slope of the regression by the seasonal or annual mean across years and locations. Corresponding BLUP-adjusted values for Australia, New Zealand, the United Kingdom, and the United States were also analyzed separately and their slopes were calculated with release date as the independent variable, just as the full dataset shown in Fig. 1a to 1e. However, since many European countries were represented by one or two cultivars, a single slope was calculated for Europe as a group (excluding the United Kingdom) for a total of 18 European cultivars.
Broad-sense heritability (h 2 ) was estimated using DeltaGen ( Jahufer and Luo, 2018) 
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The long-term precipitation averages for the Waikato, Manawatu, and Canterbury environments were +4.54, −0.61, and +22.13% from the mean precipitation for the 3 yr of the study, respectively. On individual years, precipitation was higher than the long-term average by 25% in 2017 and 11.3% in 2016 in Waikato and AR, Argentina; AU, Australia; BE, Belgium; CZ, Czech Republic; DE, Denmark; FR, France; GE, Germany; IR, Ireland; NE, Netherlands; NZ, New Zealand; PO, Poland; RO, Romania; SW, Switzerland; UK, United Kingdom; UR, Uruguay; US, United States; NS, regression does not significantly deviate from zero. ** Regression significantly deviates from zero at the 0.01 probability level. *** Regression significantly deviates from zero below the 0.001 probability level.
US data subset, the autumn, summer, and spring slopes significantly deviated from zero, and the respective values for percentage gain per decade were 0.274 ± 0.12, 0.166 ± 0.063, and 0.121 ± 0.01% decade −1 (Table 1) . Regressions were analyzed individually for New Zealand cultivars. The autumn (0.096 ± 0.042% content) slope was the above the overall dataset, and the winter, spring and summer regression slopes were not significantly different from the global dataset. The autumn regression slope significantly deviated from zero in the case of the New Zealand data subset; the percentage gain per decade for the autumn season was 0.415 ± 0.182% decade −1 (Table 1) . European and UK subsets did not significantly differ from the overall rate and zero, respectively. None of the seasonal slopes were significantly higher than the overall slope in the UK cultivar subset.
When data were subset by leaf size, none of the slopes significantly deviated from zero for both the medium-leaved and large-leaved cultivars on a seasonal basis. However, on an annual basis, the medium-leaved market class did result in a nonzero slope with an absolute value of 0.032 ± 0.014% content decade −1 and a percentage gain of 0.01 ± 0.042% decade −1 (Table 1) . Our results on market class rates of genetic gain for white clover content are consistent with Table 3 in the study of Woodfield and Caradus (1994) , including the large-leaved market class estimates.
White Clover Dry Matter Yield
Dry matter yield was analyzed on an annual and seasonal basis (Fig. 2e) . The estimated broad-sense heritability for dry matter yield was 0.62 ± 0.08 across all years, seasons, and locations, consistent with Annicchiarico (1993) and Annicchiarico et al. (1999) . The regression for annual dry matter production resulted in a positive, nonzero slope of 0.056 ± 0.013 g m −2 yr −1 decade −1 or 0.155 ± 0.036% decade −1 when the slope was divided by the annual dry matter yield mean. The regressions for the global dataset resulted in positive nonzero slopes for all seasons (Table 1) .
The geographic origin analysis for annual dry matter yield indicated that among the country subsets (Table 1) ) values were higher than the overall values, but the New Zealand regression did not result in a significant deviation from zero, albeit marginally (p = 0.087). On a seasonal basis, the global set resulted in nonzero slopes for the autumn, winter, summer, and spring seasons (Fig. 2a-2d) . On a country subset basis, the New Zealand autumn (0.031 ± 0.014 g m −2 decade −1
Manawatu. None of the years were above the long-term average for Canterbury. In contrast, precipitation in 2015 was lowest than the long-term average by 18.3, 10.5, and 33.9% in Waikato, Manawatu, and Canterbury, respectively. Temperatures occurred within the expected ranges for all locations. Maximum temperatures from the monthly average temperatures were 20.8, 20.1, and 18.8°C in February 2016 for the Waikato, Manawatu, and Canterbury environments, respectively, whereas minimum average temperatures were 8.4 and 6.1°C in July 2017 for Manawatu and Canterbury, respectively, and 7.8°C in February 2015 for Waikato.
The long-term temperature averages did not deviate considerably from the annual temperature average for any of the locations. Across the 3 yr of the study, mean temperatures for Waikato and Manawatu were +4.31 and +1.2% different from the long-term mean, respectively. Mean temperature in Canterbury was not different from the long-term average. As individual years compared with the long-term average, Waikato, Manawatu, and Canterbury had 6.86, 4.29, and 2.64% higher temperatures in 2016, respectively.
Percentage White Clover Content in a Sward
Best linear unbiased predictors were calculated to perform linear regressions across time to inspect changes in white clover persistence. The estimated broad-sense heritability for this trait was 0.49 ± 0.08 across all years, seasons, and locations. This heritability estimate is consistent with previous studies, such as Annicchiarico et al. (1999) and Caradus and Chapman (1996) . Linear regressions for every season can be found in Fig. 1 . Summer (0.056 ± 0.015% content decade ), which did not deviate from a zero slope. The corresponding percentage increase per decade for the summer, winter, and autumn seasons was 0.14 ± 0.042, 0.3 ± 0.091, and 0.21 ± 0.074% decade −1 , respectively. On an annual basis, the absolute slope of the regression was 0.037 ± 0.011% content decade −1 . In terms of percentage genetic gain per decade, the value obtained was 0.114 ± 0.034% decade −1 across all data. The annual growth regression significantly deviated from zero (Table 1) .
When data were subset to estimate rates of increase among US cultivars, we found that the slopes for the autumn (0.064 ± 0.028% content decade ) seasons were significantly higher than the overall dataset, whereas the winter season was not significantly higher. Annual clover content in the US cultivar subset significantly deviated from zero with an absolute slope of 0.062 ± 0.019% content decade −1 or a percentage increase of 0.187% ± 0.057% decade −1 . In the ) slopes resulted in deviations from zero and were above the rate of increase of the global set (Table 1) . . Our results on market class rates of genetic gain for white clover dry AU, Australia; BE, Belgium; CZ, Czech Republic; DE, Denmark; FR, France; GE, Germany; IR, Ireland; NE, Netherlands; NZ, New Zealand; PO, Poland; RO, Romania; SW, Switzerland; UK, United Kingdom; UR, Uruguay; US, United States. * Regression significantly deviates from zero at the 0.05 probability level. *** Regression significantly deviates from zero below the 0.001 probability level matter yield are consistent with Table 3 in the study of Woodfield and Caradus (1994) , including the large-leaved market class estimates. On a seasonal basis, the mediumleaved market class resulted in nonzero rates of gain for the autumn (0. (Smith et al., 2014) . Recent improvement in genetic gain in maize is partly due to the introduction of improved phenotyping tools such as wind machines to screen hybrids for root lodging, improvement in selection for quantitative trait loci and genes of interest using single nucleotide polymorphisms and next-generation sequencing, and temperate ´ tropical germplasm to generate new variation. Forage legumes have not seen the same rate of genetic gain as cereal crops, with some 10 to 20% of on-farm yield increases in alfalfa attributable to genetic gain (Brummer and Casler, 2014) . Changes in disease resistance and persistence have been described as some of the important factors improving the performance of cultivars. Evidence of novel tools being implemented in forage legume breeding programs is now available (Hancock et al., 2012; Han et al., 2014; Hawkins and Yu, 2018) , but research and development is still necessary to adapt new technologies to the specific needs of forage legume breeding programs.
Genotype ´ Environment Interactions
Analysis of variance for the dimension-reduced data calculated from percentage clover content BLUPs used to compare across environments and cultivars indicated that genotypic effects were highly significant (p < 0.001), whereas environmental effects were nonsignificant. Variance partitioning indicated that the percent variance attributable to genotype over total genotype plus the genotype ´ environment interaction was 57.5%. In general, cultivar performance in the Waikato environment resulted in greater contributions to the genotype ´ environment interaction variance component than the Manawatu and Canterbury environments.
Individual location heritabilities on a seasonal basis were low for percentage clover content. Heritabilities for summer, autumn, and spring at Canterbury were 0.47, 0.13, and 0.06. For the Manawatu environment, heritabilities for summer, autumn, and spring were 0.44, 0.48, and 0.3. The Waikato environment resulted in heritabilities of 0.19, 0.42, and 0.22 for summer, autumn, and spring.
White clover dry matter yield resulted in low heritabilities at the individual location level. In Canterbury, heritabilities were 0.13, 0.27, and 0.06 for the summer, autumn, and spring seasons, respectively. For the Manawatu environment, heritabilities for the summer, autumn, and spring seasons resulted in values of 0.34, 0.43, and 0.38, whereas the Waikato environment had heritabilities of 0.14, 0.4, and 0.18, respectively. Figure 3a shows a "which-won-where" biplot (Yan and Kang, 2002a) of BLUP-derived scores of the cultivars used in the study, with individual cultivars indicated by their country of origin and year of release. The testing environments are shown by individual seasons and locations. Generally, Canterbury and Manawatu resulted in more similar environments than Waikato across all seasons. All environments in the sector where Canterbury and Manawatu were located were correlated with each other in comparison with the Waikato environments. However, within the Canterbury and Manawatu sector of the plot, CBY_ATM, CBY_SPR, and MAN_SPR were less correlated to CBY_SMR, MAN_SMR, MAN_ WNR, and MAN_ATM. The environments CBY_SPR and MAN_SPR were correlated to each other.
Overall, a number of New Zealand cultivars released in the 2000s were highly adapted to Manawatu and Canterbury, as well as two cultivars from the United States released in the 1990s and 2000s. However, a cultivar from the United Kingdom released in 1970 resulted in high performance in CBY_SMR. In contrast, only one cultivar from New Zealand released in the 2010s resulted in moderate levels of adaptability to the Waikato environments, whereas an Australian cultivar released in the 2010s had the highest adaptation to Waikato in all seasons.
In terms of common adaptation to both Waikato and Manawatu, a total of 12 cultivars were above the respective environmental mean. This group included FR-1960 , PO-1970 , UK-1970 , NZ-1980 , IR-1980 , RO-1990 , NZ-1990 , US-2000 , US-2010 , NZ-2010 , AU-2010 , and NZ-2010 . This result revealed a relationship with newer New Zealand cultivars and dates of release, as can be seen in the top right sectors of Fig. 4a .
Interestingly, an indication of progress and selection for local adaptation can be seen on the left side of Fig. 3a , where a number of older cultivars resulted in low adaptation and underperformance in all environments tested, including older New Zealand cultivars or older international cultivars from similar latitudes to New Zealand. As expected, many of the cultivars that were not bred for New Zealand environments or similar and instead were developed in countries with environments different from New Zealand did not result in higher levels of adaptation. Figure 3b shows a GGE biplot using the BLUPadjusted means of annual white clover content for cultivar means averaged within decade of release from 1930 to 2010. The BLUP-adjusted means of annual white clover content within locations are shown as the environments. The patterns found in Fig. 3a are consolidated further in Fig. 3b , where a relationship between decade of release and environmental adaptation was found. Specifically, cultivars from the 2000s were highly adapted to the Canterbury region, and cultivars from the 2010s were highly adapted to the Manawatu region. The lack of adaptation from more recent cultivars to the Waikato region is also observed in the consolidated analysis, and instead cultivars from the 1960s showed high adaptation to this region. Figure 4a is a GGE biplot of the cultivar BLUPadjusted means of annual white clover dry matter yield. As in Fig. 3a , a decade of release and environment relationship was found for white clover dry matter yield as well. Most of the cultivars with higher adaptation to the Manawatu and Canterbury regions were released in the last 30 yr, particularly in the 2000 and 2010 decades. As expected, most of the cultivars adapted to Manawatu and Canterbury were developed in New Zealand and the United States. The Waikato region showed lower levels of New Zealand cultivar adaptation and instead was highly represented by international germplasm, such as Australia, France, and Ireland. Two cultivars, one from Australia and one from New Zealand, were released in the 2010 decade. In contrast, most of the older and non-New Zealand-bred cultivars resulted in opposite positions of the environmental means, indicating low levels of adaptation in any of the environments tested. Figure 4b shows the BLUP-adjusted means of the within decade means (excluding 1920). In Fig. 4b , the average of the cultivars from the 2000 and 2010 resulted in greater average level of adaptation to the Manawatu and Canterbury environments than older cultivars (i.e., 1930s). Decadal means from the 1990s were also positioned in the same sector as the Manawatu and Canterbury environments for white clover dry matter yield. As in Fig. 4a , older cultivars (1960s) resulted in greater adaptation to the Waikato region than newer ones. Figure 5a and 5b show mean performance vs. stability (Yan and Kang, 2002b) plots of the 80 cultivars against the three testing locations with every season treated as a separate environment for white clover content and white clover dry matter yield. In general, patterns were observed between year of release and environmental adaptation, leading to greater genotype stability. A general pattern can be observed with many New Zealand cultivars in terms of their positioning relative to the average environment, as well as the "ideal" environment on the right side of Fig. 5a and 5b. One example is NZ-2000 (Fig. 5a) , a cultivar that resulted in the greatest performance as well as the highest stability across environments. As indicated in Fig. 4a , close to NZ-2000 on the right side of Fig. 5a , many of the highly stable and highly productive New Zealand cultivars (NZ-2010 , NZ-2000 , and NZ-1990 shared similar levels of adaptation to cultivars bred in similar latitudes with temperate climates such as IR-1980 , US-1990 , US-2000 (two cultivars), and UK-1970.
A segmental regression of decadal means for white clover sward content and dry matter yield was conducted. Segmental regression fits one regression with two lines with a constrained X 0 value considered as the time of an intervention. Although there are accounts of white clover breeding in the 1920s and 1930s in Europe and the United States (Zeven, 1991) , much of the research in understanding the genetic principles and implementation of breeding strategies such as recurrent selection occurred from the mid-1960s onward (Williams, 1987) . Therefore, we defined the time of intervention as X 0 = 1965. The purpose of this analysis was to test whether the influence of formal plant breeding introduced into multiple research programs across the world resulted in a significant change in the rate of gain. In Fig. 6 , the pre-1965 line for white clover dry matter yield resulted in an absolute rate of increase of 0.031 g m −2 yr −1 decade −1 or 0.087% decade , on average. The comparisons between pre-1965 and post-1965 lines resulted in a twofold increase for white clover dry matter yield and a fourfold increase in rates of gain for white clover sward content. Both post-1965 lines for white clover sward content and dry matter yield resulted in significant nonzero deviations, whereas the pre-1965 lines did not significantly deviate from zero. One of the main trends that breeding programs have implemented post-1965 has been the use of grass companion species when evaluating populations. Another important aspect of breeding white clover cultivars intended for mixed swards was the introduction of grazing animals as part of the selection pressure imposed onto the tested populations (Woodfield and Caradus, 1994) . In terms of genetic diversity, it is possible to speculate that breeding programs pre-1965 relied more on variation that was extant within countries, with little germplasm exchange among countries, and there is evidence to suggest that the level of interest in foreign germplasm increased after that era. The main piece of evidence available for the impact of germplasm exchange can be found in the relative numbers of ecotypes directly released as cultivars from local populations, which mainly concentrated around the pre-1965 era (Hadfield, 1929; Davies and Levy, 1931; Gorman, 1933, 1934; Pieters and Hollowell, 1937; Owen, 1953) . In contrast, introductions of populations mostly occurring in the post-1965 era, resulted in cultivars that were bred and released as cultivars using different methods such as direct selection (Barnard, 1972; Davies, 1972) , recurrent phenotypic selection or hybridization with either local material (Davies and Young, 1967) , or interspecific crosses (Williams, 2014) .
Nuances of Historical Genetic Gain Studies
Genetic gain studies that use cultivars released over time rely on information that is collected in the present but relates to cultivars that were developed in the past, with a multitude of interactions that are impossible to replicate. This is particularly true for forage species, where the prevalent means of improvement relies on populations composed of half-sib families, rather than pure lines in self-pollinated crops. In white clover, this is exacerbated by issues such as allopolyploidy, high heterozygosity, and high genome sequence diversity associated with potentially high genomic functional diversity that enables phenotypic plasticity.
The population improvement system and the factors above allow one to question the integrity of the populations that comprise some of the cultivars in this study.
Notwithstanding seed storage and viability issues, it is entirely possible that parental contributions to the polycross from the original breeder's seedstock will have shifted allele frequencies towards more dominant parents over subsequent generations. This was observed by Parsons et al. (2011) . In this review, the authors used data from common cultivars among the Woodfield et al. (2001) and Woodfield et al. (2003) studies and replotted it on the same axes as the Woodfield (1999) study relative to the cultivar 'Huia'. They indicated that the slope of earlier studies did not stay constant when analyzed in subsequent studies, and instead it had reduced to the same level as 'Huia'. Parsons et al. (2011) also attributed this decline to possible changes in the population structure of the cultivars over time. This argument would then imply that the cultivars used for comparisons in subsequent studies were from a sufficiently divergent set of parents to form the synthetic, resulting in a lower general combining ability of the parents in addition to the inherently high error variances associated with mixed sward trials.
In the absence of a perfect measure of genetic gain for this particular experiment, and with the help of some assumptions, one can use Eq.
[1] and calculate a response to selection value from the data collected using the standard formula. We used the values reported here for white clover sward content (0.48) and dry matter yield (0.62) heritabilities, a proposed selection intensity of 0.2, a generation interval of 10 decades, and the respective genotypic standard deviations for both traits to obtain an estimate. This crude estimate of genetic gain resulted in a decadal increase of 0.17% white clover content per decade and 0.26% annual dry matter yield per decade. Although it is important to keep in mind that this estimation considers that each decade is being assumed as the parental population for the following decade and the estimate represents the response to selection, these estimates are around fourfold above the estimated regression slopes (Table 1) . Even under these strong assumptions, it is interesting to observe that the difference between the expected rate of genetic gain and the rate derived from the regression slope is large, and thus it is not reflective of the genetic variance implicit within each cultivar, the populations used to derive a cultivar, and the particular breeding strategy used to achieve it.
Another issue with cross-decade comparisons of unrelated individuals revolves around the inability to establish a common genetic structure standard to assess the magnitude of the rates of gain estimated. In essence, the breeding histories and genetic backgrounds of the cultivars included in decadal studies are largely unknown, which impedes the estimation of common genetic effects attributable to different backgrounds, which could make a genetic gain estimate more accurate and comparable. One of the further steps that could be undertaken with an experiment such as this would include the reconstruction of pedigrees to detect selection signatures across cultivars to establish allele effects between genetically distant cultivars via molecular markers. Such information would allow for a reference cultivar that included the lowest number of favorable alleles, and departures from this baseline would be estimated. However, the overarching message that can be gathered from the results presented in this study is that the rates of gain, regardless of the analysis, continue to trend upward for white clover persistence and dry matter yield.
Worldwide, white clover breeding has focused primarily on improving persistence in the sward, forage yield, and seed yield. However, multiple traits often are involved in the development of a cultivar (Abberton and Marshall, 2005) . The largest comprehensive field study performed that has attempted to assess the rate of genetic gain in white clover can be found in Woodfield and Caradus (1994) . The authors selected 110 white clover ecotypes and cultivars released in 24 countries between 1930 and 1989 and evaluated them in two trials (mixed sward and spaced plants). When considering the decadal means of the cultivars selected, this study concluded that the phenotypic value of white clover content in the sward and dry matter yield increased at a rate of 6% decade −1 . However, the most recent estimations on the rate of increase in phenotypic value of cultivars selected across release history in white clover was 1.49% decade −1 from eight sheep grazed trials containing 10 New Zealand cultivars and 1.21% decade −1 from five cattle grazed trials containing nine New Zealand cultivars (Woodfield, 1999) .
The assumptions made in these studies (and others) was that the decadal rate of gain can be divided by 10 to obtain the annual rate of gain. In linear regression analysis, estimation of model parameters using a least-squares method means that the slope of a line ( 1 b ) is the sum of the deviations of x times the deviations of y (S xy ) divided by the sum of x deviations squared (S xx ), indicating that the slope of a line is an average per unit of x i deviations. The quality of estimations of 1 b will therefore rely on the size of the standard error of the slope ( ) s will be, and estimating the rate of change in y per unit x will be less accurate. In our example, a 10-decade grouping would result in S xx = 8250, and individual years would result in S xx = 62,790. In that same sense, the greater the s e of y for a given x, the larger the 1 b s will be, and there will be greater variance around the regression line, also reducing the accuracy of the estimate. This would indicate that attempts to obtain annual interpolates from data grouped as decades will be subject to a greater true error variance ( 2 e s ) implicit in the decadal dataset. The 2 e s is based on residuals and is the prediction error of the sample. The final assumption would be that the slopes of a decadal regression and an annual regression are the same and that the intervening data points between decades are not resulting in leverage or influence points, which is unknown and difficult to accept. To obtain an annual rate of increase, it is necessary for x to increase as close as possible to single years. If we accept that the estimates of Woodfield and Caradus (1994) are in a per-decade scale given the above, as would be expected from x being in decadal intervals, then the results we report and those of Woodfield and Caradus (1994) are generally consistent.
CONCLUSIONS
Our results suggest that genetic gains over time across white clover breeding programs have been moderate to low, depending on the country or seasonal variation. This is when the estimates reported here are compared with other crops, such as maize. In other crops, selection on a line mean basis has resulted in higher rates of gain. However, in other polyploid crops whose means of improvement have mainly relied on recurrent (phenotypic), direct (within ecotype populations), or clonal selection, the elimination of deleterious genetic load and pyramiding of favorable alleles into a synthetic has occurred at a slower rate.
At an environmental level, we found that there are clear patterns between performance, adaptation, geographical origin, and year of release. In particular, the data suggest that local breeding progress made for the Canterbury and Manawatu regions has been greater than in the Waikato region. Likewise, a pattern was observed between recently released foreign germplasm and adaptation to New Zealand environments, particularly in cultivars proceeding from similar temperate climates.
It appears that progress in the medium-leaved market class continues to occur and that the large-leaved market class is showing stagnant gains for all traits measured. This is somewhat true in that more effort has been placed on the development of medium-leaved cultivars. From our survey alone (albeit unbalanced), the last two decades (2000s and 2010s) have resulted in a larger number of medium-leaved cultivars released (23) than large-leaved cultivars (10).
Decadal genetic gain studies are one way to gauge the breeding progress that is occurring across numerous breeding programs historically and across the world. Although the potential for a multitude of confounding interactions precludes extraction of an exact general metric, the concrete message that a study such as this one can deliver is on the overall trend effect that breeding is causing over a particular crop species. Albeit at a rate well below the theoretical potential, in the case of white clover dry matter yield and percentage content in the sward, the trend has been, and continues to be, upward.
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